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CAMP-dependent protein kinase I and II (cAK1 and cAKI1) were incubated under near physiological 
conditions in the presence of various concentrations of ~-N~-c[~H]AMP or c[~H]AMP. Both types (A and 
B) of cyclic nucleotide binding sites of cAKI or cAKI1 were occupied to a similar extent and the degree 
of their occupation correlated with the degree of kinase activation. cAK1 and cAKI1 bound CAMP in an 
apparent positively cooperative manner in the presence of Mg’+, ATP. ~-N~-c[~H]AMP dissociated several 
orders of magnitude faster from site A than site B of the regulatory moiety of cAKI1, and was photo- 
incorporated only when bound to site B. 
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1. INTRODUCTION 
The regulatory subunit (R) dimer of CAMP- 
dependent protein kinase I and II (cAK1 and 
cAKI1) has 4 binding sites for CAMP and two bin- 
ding domains for the catalytic subunit (C) of the 
kinase. Activation of cAK occurs according to the 
equation [ 1,2] :
kinase is controversial and only partly explored. 
Rate-kinetic studies [6,7] and studies showing 
enhancement of binding of site A-selective ligands 
in the presence of site B-selective ligands [8,9] sug- 
gest that both site A and B have important roles in 
the activation of cAK. 
R2C2 + 4 CAMP= R2(cAh4P)4 + 2 C 
RI [3] as well as RI1 [4,5] has two types of CAMP- 
binding sites, termed A and B [6] according to the 
rate with which they exchange bound labelled 
nucleotide. 
On the other hand, a ligand may activate cAK1 
[lo] or cAKI1 [ 1 I] by interacting with only one type 
of binding site. In [l l] 8-Ns-CAMP was found to 
interact with only one type of site on cAKI1, but 
was as potent as CAMP in activating the enzyme 
DII. 
The function of the two types of cyclic 
nucleotide binding sites in the activation of protein 
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This study, using an ammonium-sulphate 
method to separate bound and free nucleotide, 
demonstrated binding of ~-N~-c[~H]AMP to both 
types of binding sites of cAK1 and cAKI1, though 
only ~-N~-c[~H]AMP bound to site B was able to 
photoaffinity-label RII. Furthermore, there was a 
tight correlation between ~-N~-c[~H]AMP binding 
to both sites of cAKI1 and activation of the en- 
zyme. 8-N3-CAMP thus interacts with both site A 
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and B during activation of protein kinase in vitro. 
Additional experiments carried out under near 
physiological conditions (high concentration of 
cAK, 37”C, pH7.0, presence of KC1 and 
Mg/ATP) showed that the occupancy of site A and 
B increased to a similar extent as the concentration 
of c[~H]AMP was raised. Apparent positive 
cooperativity was noted for the interaction of 
c[~H]AMP with cAK1 and cAKI1 under such 
conditions. 
2. EXPERIMENTAL 
2.1. Materials 
c[S-~H]AMP (26 Ci/mmol) and [Y-~~P]ATP 
(4000 Ci/mmol) were from the Radiochemical 
Centre, (Amersham), 8-N3-c[2-3H]AMP (17.7 or 
13.8 Ci/mmol) from New England Nuclear 
(Boston MA) and CAMP, 8-N3-CAMP and histone 
(type IIA) were from Sigma Chem. Co. (St Louis 
MO). Homogenous phenylalanine-4-monooxy- 
genase, prepared as in [12] was a gift from Drs A. 
Doskeland and T. Flatmark. 
2.2. Preparation of cAKI, cAKII, RI and RII 
cAK1, cAKI1 and RI1 (eluted from the affinity 
column with urea) were prepared as in [5], and RI 
by a slight modification [13] of the urea-dissocia- 
tion method in [14]. The stoichiometry of the bin- 
ding of c[~H]AMP or ~-N~c[~H]AMP to RI or RI1 
was determined essentially as described for RI in 
]51. 
2.3. Measurement of protein kinase activity 
For experiments whose aim was to correlate 
cyclic [3H]nucleotide binding and degree of activa- 
tion of protein kinase under near physiological 
conditions, cAK1 or cAKI1 (0.5pM with respect o 
CAMP-binding capacity) was preincubated for 
5-15min at 37°C in buffer A: 15mM Hepes- 
NaOH (pH 7.0)/O. 15 M KC1/5 mM magnesium 
acetate/O. 1mM ATP/0.3 mM EGTA/O. 1 mM 
EDTA/serum albumin (1 mg/ml), and various 
concentrations of c[~H]AMP or ~-N~-c[~H]AMP. 
2-Mercaptoethanol (20mM) was present only in 
those preincubations containing c[~H]AMP. The 
phosphotransferase r action was started by mixing 
135,ul preincubate with 15,ul buffer A containing 
6.7 mg histone/ml-0.1 mM [Y-~~P]ATP (0.3&i), 
and labelled cyclic nucleotide at the same concen- 
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tration as in the preincubation. In some cases the 
substrate was phenylalanine-4-monooxygenase 
(final cont. 0.3 mg/ml) rather than histone. 
The phosphotransferase activity was linear for 
up to 60 s, regardless of the concentration of cyclic 
nucleotide present during preincubation. 
2.4. Measurement of labelled cyclic nucleotide 
bound to site A and B 
The amount of labelled cyclic nucleotide bound 
to both sites (A + B) was determined by mixing an 
aliquot of the incubate with 9 vol. ice-cold 3.2M 
ammonium sulphate-solution and collecting the 
precipitated bound nucleotide on a membrane 
filter [5]. 
The amount of labelled nucleotide bound to site 
B was determined as in [7]. All incubations con- 
taining 8-N3-CAMP were performed in the dark, 
and < 0.2 mM 2-mercaptoethanol. 
To determine the amount of covalently bound 
photoaffinity-label, samples (50~1) were mixed 
with 3 ml ice-cold 10% (w/v) trichloroacetic acid 
solution. The resulting precipitate was collected on 
a membrane filter and washed with 2 x 3 ml tri- 
chloroacetic acid solution. The amount of radioac- 
tivity in the precipitate was determined as for the 
ammonium sulphate precipitation method [5]. 
3. RESULTS 
3.1. 8-N3-CAMP binds to both site A and B of R 
RI, or RI1 was incubated for 1 h at 0°C in buffer 
A containing 1pM c[~H]AMP or 8-N3-c[‘H]AMP 
of varying specific activity. Each preparation had 
similar binding capacity for the two nucleotides, 
RI apparently binding 2.1 mol and RI1 2.3 mol of 
either CAMP or 8-N3-CAMP per R-subunit. Fur- 
thermore, the binding of c[~H]AMP was abolished 
in the presence of excess (0.2mM) unlabelled 
8-N3-CAMP and that of ~-N~-c[~H]AMP by unla- 
belled CAMP (not shown). It thus appeared that 
~-NJ-CAMP as well as CAMP must bind to both of 
the sites. Further evidence for this was the biphasic 
rate of exchange of %N~-c[~H]AMP bound to RI1 
(fig. 1) and RI (not shown). 
The dissociation rate constant (kd) for the com- 
plex between ~-N~-c[~H]AMP and site A of RI1 
was 6.3 x lop2 s-l whether bound ~-N~-c[~H]AMP 
exchanged with unlabelled CAMP or 8-NYCAMP. 
The kd for the complex between ~-N~-c[~H]AMP 
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Fig. 1. The rate of exchange of ~-N~-c[~H]AMP bound 
to RI1 in the presence of unlabelled ~-NJ-CAMP and 
CAMP. RI1 or cAKI1 (10nM) saturated with 
~-N~-c[~H]AMP was incubated at 0°C in 15mM 
Hepes-NaOH (pH 7.0)/5 mM EDTA/bovine serum 
albumin (1 .O mg/m1)/3.2 M NaCl with 0.1 mM unlabell- 
ed 8-N3-CAMP (e--+--a) or O.lmM unlabelled 
CAMP (o---o). Aliquots (100~1) were removed at the 
time points indicated and the amount of bound CAMP 
determined by the ammonium sulphate precipitation 
method (see section 2). The initial rapid dissociation rate 
is shown in the inset. 
and site B was 5.4 x 10-6s-’ in the presence of 
unlabelled 8-N3-CAMP and 2.6 x 10-6s-1 in the 
presence of unlabelled CAMP. For RI the kd for 
site A was 3.9 x 10-4s-1, and for site B 
9.3 x 10U7 s-l and 6.4 x ~O-‘S-~ in the presence of 
unlabelled 8-N3-CAMP or CAMP, respectively. 
The purity of 8-N3-CAMP and ~-N~-c[~H]AMP 
was checked by high-performance, reverse-phase 
liquid chromatography. 8-Ns-CAMP was found to 
be 98% pure, containing 1% CAMP and 1% 
8-NH2-CAMP as contaminants, whereas 8-N3- 
c13H]AMP was virtually homogeneous. Incubation 
of ~-N~-c[~H]AMP for 1 h at 0°C in buffer A con- 
taining 0.2 mM 2-mercaptoethanol did not result in 
any decomposition whereas incubation at 37°C in 
the presence of 20mM 2-mercaptoethanol led to 
20% conversion to ~-NH~-c[~H]AMP. 
It is therefore concluded that ~-N~-c[~H]AMP, 
rather than a contaminant was bound to site A and 
B of R. 
3.2. ~-NJ-c~~H]AA~P bound to site B is 
preferential/y photoincorporated into RII 
When ~-NJ-c[~H]AMP was bound to both site A 
and B of RI1 only half of the bound ligand was 
soa&g&+____*___4____+ I _____-_- _----__-_* 
i 
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Fig. 2. Comparison of binding and photoincorporation 
of ~-N~-c[~H]AMP to RII. RI1 was preincubated as in 
fig. 1. Thereafter the mixture was divided, one-half Ieft 
unaltered (0, n ), the other half made 0.1 mM in 
unlabelled CAMP (o,o) and incubated for 2min at 0°C 
to allow total exchange of ~-N~-c[~H]AMP bound to site 
A (see fig. 1). The samples were photolyzed at 0°C with 
a CAMAG Universal UV lamp (254 nm) at 4 cm. At the 
time points indicated, double aliquots of 50~1 were 
removed to determine: (a) total bound ~-N~-c[~H]AMP 
by the ammonium-sulphate precipitation method (open 
symbols); (b) photoincorporated ~-N~-c[~H]AMP by 
precipitating in 10% ice-cold trichloroacetic acid (closed 
symbols). 
photoincorporated. When the photoaffinity 
analog of CAMP was bound only to site B, a near 
quantitative incorporation was noted (fig. 2). 
These data show that binding is not sufficient to 
ensure photoincorporation, and suggest that 
tyrosine residue 381 of RI1 which is the one labell- 
ed by ~-N~-c[~H]AMP [20,21] is in contact with 
ligand bound to site B. The data obtained for RI 
so far suggest that irradiation of the RI 
(~-N~-c[~H]AMP)~ complex leads to photoincor- 
poration into -50% of both the A-sites and B- 
sites. 
True photoaffinity labelling, where the ligand 
bound to the site reacts in the site before it 
dissociates differs from pseudo-photoaffinity 
labelling, where the irradiation produces an active 
species in solution that next binds irreversibly to 
the site [17]. True photoaffinity labelling 
scavengers would not affect the incorporation of 
label [17]. The incorporation of ~-N~-c[~H]AMP 
into RI1 was found to be proportional to the 
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amount of ~-N~-c[~H]AMP bound to site B and 
thus was due to true photoaffinity labelling and 
pseudoaffinity labelling as defined above. But the 
incorporation was nevertheless decreased by 
90-95% by the scavenger [18,19] 2-mercaptoetha- 
no1 (20 mM). This suggests that the axido-group of 
8-N3-CAMP is exposed to 2-mercaptoethanol in the 
medium when the nucleotide is bound to site B, 
1 o-7 10-e 10-5 
Free nucleotide (mol/l) 
Fig. 3(a). ct3H]AMP binding to and activation of cAK1. 
cAK1 (0.5pM with respect to CAMP-binding capacity) 
was preincubated for 10min at 37°C in 15mM 
Hepes-NaOH (pH 7.0)/O. 15 M KC1/5 mM Mg-ace- 
tate/O.l mM ATP10.3 mM EGTA/O. 1 mM EDTA/ 
1 .O mg, serum albumin/ml/20 mM 2-mercaptoethanol, 
and various concentrations of c[‘H]AMP. Then aliquots 
were removed, and c[~H]AMP bound to site A (0) and 
site B (A) was determined. Immediately after the 
phosphotransferase r action was started by mixing 135~1 
preincubate with 15 pl preincubation buffer containing 
6.7mg histone/ml/ 0.1 mM (y3’P]ATP (0.3&i) and 
labelled CAMP at the same concentrations as in the 
preincubation, and the reactions terminated after 45 s. 
The kinase activity is expressed as protein kinase activity 
ratio (0, fractional kinase activation). (b) 
~-N~-c[~H]AMP binding to and activation of cAKI1. The 
experimental set-up was as in fig. 3a except that 
2-mercaptoethanol was omitted from the incubations. 
8-N3-c[3H]AMP-binding to site A (0) and site B (A) of 
cAKI1, and the fractional kinase activation (0) was 
determined as described above. 
and that the use of scavengers to discriminate be- 
tween true photoaffinity labelling and pseudo- 
affinity labelling is not infallable. 
3.3. Correlation between protein kinase activation 
and nucleotide binding to site A and B 
Fig. 3 shows a close correlation between cyclic 
nucleotide binding to and degree of activation of 
cAK1 and cAKI1. c[~H]AMP (fig. 3a) and 
~-N~-c[~H]AMP (fig. 3b) occupied site A and B of 
cAK1 and cAKI1, respectively, to a similar extent, 
demonstrating an interaction of cyclic nucleotides 
with both site A and B in the process of cAK- 
activation. The results obtained were independent 
of the time of preincubation (5,lO and 15min 
tested), indicating that equilibrium had been reach- 
ed. The fractional protein kinase activation observ- 
ed was independent of the type of protein substrate 
(mixed histones or phenylalanine 4-monooxyge- 
nase) or the incubation time (10-60s). Further- 
more, the fractional saturation of cAK by cyclic 
[3H]nucleotide was the same in samples taken from 
the preincubation before and after 1 min incuba- 
tion with histone. The reason why histone did not 
perturb the interaction between cyclic nucleotide 
and cAK may be the presence of 0.15 M KC1 and 
the high concentration of cAK [20,21]. 
3.4. The binding of cfH]AMP to cAKI and cAKII 
under near physiological conditions: evidence 
for positive cooperativity 
The binding of c[~H]AMP to cAK1 and cAKI1 
was studied under near physiological conditions 
(37’C, pH7.0, 0.15 M KCl, 5 mM Mg’+, 3mM 
ATP) with concentrations of the isozymes close to 
those believed to exist in the cytoplasm [22]. Under 
those conditions both isozymes were half- 
maximally saturated at -0.12pM free c[~H]AMP 
(fig. 4a). When the binding to cAKI1 was studied 
in the absence of ATP, half-maximal saturation re- 
quired 0.6pM CAMP (fig. 4a). 
The Scatchard-plot of the interaction between 
c[~H]AMP and cAK1 suggested apparent positive 
cooperativity (fig. 4b). The plots for cAKI1 sug- 
gested positive cooperativity for enzyme incubated 
in the presence of ATP and negative cooperativity 
in the absence of ATP (fig. 4b). The marked dif- 
ference between cAKI1 incubated in the presence 
and absence of 3 mM ATP may in part be related 
to the fact that cAKI1 is autophosphorylated under 
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Fig. 4(a). Binding of c[~H]AMP to cAK1 and cAKI1 
under near physiological conditions. cAKI or cAKI1 
(both 0.5pM with respect o CAMP binding capacity) 
was incubated as described in fig. 3(a). Total bound 
ct3H]AMP (site A + B) was determined for cAK1 in the 
presence of 3 mM ATP (e--a) and for cAKI1 in the 
absence (A---A) or presence (o---o) of ATP. (b) Shows 
a Scatchard-plot f the equilibrium binding interaction 
between c[~H]AMP and cAK1 or cAKI1 (absence and 
presence of ATP) under near physiological conditions. 
The data used for the construction of the plot are those 
of fig. 4(a). The meaning of the symbols is as above. 
such conditions [7,23,24]. It may also be related to 
the observation that mM levels of ATP inhibit the 
reassociation of RI1 and C [23]. 
4. DISCUSSION 
This study demonstrates that 8-N&H]AMP in- 
teracts with both types of cyclic nucleotide binding 
sites (A and B) of cAK. The 8azido substituent 
dramatically alters the stability of the complex be- 
tween CAMP and site A of RII. Thus, whereas 
c[~H]AMP bound to site A of RI1 is exchanged 
20 x more rapidly than c[~H]AMP bound to site B 
[5], ~-N~-c[~H]AMP was exchanged 20000 x more 
rapidly from site A than site B (fig. 1). This large 
disparity in rate of exchange of 8Ns-c[‘H]AMP 
from site A and B of RI1 is probably the most 
marked difference between the two sites so far 
observed. The extremely rapid dissociation of 
~-N~-c[~H]AMP from site A of RI1 (fig. 1) explains 
why ~-N~-c[~H]AMP binding to site A has not been 
detected [ 1 I] using either conventional membrane 
filtration or the modified (histone/NaCl) mem- 
brane filtration method [25]. 
The binding of c[~H]AMP to and the fractional 
activation of cAK were closely correlated when 
binding and kinase activity were measured under 
near identical conditions [21]. Here, this correla- 
tion was extended to ~-N~-c[~H]AMP and to near 
physiological concentrations of cAK1 and cAKI1 
(fig. 3). On the other hand, half-maximal activa- 
tion of cAKI1 has been found to require less than 
half-maximal occupation of the cyclic nucleotide 
binding sites [8,11]. However, in those experiments 
ATP was present in the kinase assay and not in the 
binding assay so that autophosphorylation of 
cAKI1 occurring in the kinase incubations might 
have made cAKI1 more sensitive to activation by 
cyclic nucleotides [23,24]. 
We have reported [7,8] that CAMP first interacts 
with site B of cAK holoenzyme, forming an 
unstable complex which in the absence of cyclic nu- 
cleoide binding to site A, rapidly reverts. The 
amount of this putative intermediate complex with 
CAMP bound selectively to site B has not exceeded 
5% of the total cAK-concentration in rate-kinetic 
experiments conducted with cAK1 (in the presence 
of Mg/ATP) or cAKI1 (unpublished). Except at 
very low degrees of cAK-saturation, where binding 
to site B may predominate, it is thus predicted that 
site A and B will be occupied to a similar degree 
when cAK is activated by cyclic nucleotide. This 
was verified for both cAK1 and cAKI1 when tested 
under near physiological conditions (fig. 3). 
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The equilibrium binding of c[~H]AMP by cAK1 
and cAKI1 has been compared in [24]. They found 
that non-autophosphorylated cAKI1 bound CAMP 
in an apparent negatively cooperative manner, 
whereas autophosphorylated cAKI1 and cAK1 (in 
the presence of Mg’+-ATP) showed no apparent 
cooperative binding of CAMP. cAKI1 was half- 
maximally saturated at 0.5pM CAMP, and cAK1 at 
1 PM CAMP in the presence of Mg2+-ATP [24]. 
Here both isozymes were half-maximally 
saturated at -0.12,~M CAMP in the presence of 
Mg2+-ATP (fig. 4a) and interacted in an apparent 
positively cooperative manner with CAMP (fig. 
4b). The discrepancies between the results of the 
two studies may be due to the higher concentration 
of ATP (3 mM vs 0.1 mM) or the higher 
temperature (37°C vs 23°C) used here, or the use 
of the ammonium-sulphate precipitation method 
which detects CAMP bound to both sites of the R- 
subunit [5], rather than the membrane filtration 
method [24] that detects binding to one of the sites 
[6,26,27]. 
This study presents evidence that c[~H]AMP and 
~-N~-c[~H]AMP interact with site A as well as site 
B in the process of activation of cAK1 or cAKI1 
under near physiological conditions. In the 
presence of Mg’+-ATP both isozymes bind CAMP 
in an apparent positively cooperative manner. Ir- 
radiation of RI1 (~-N~-c[~H]AMP)~ leads to a 
preferential incorporation of the photoaffinity 
ligand bound to site B of RII. 
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